Abstract: A photonic approach to generating ultrawideband (UWB) pulses with tunable band-rejection behavior and a chirp-free property, which is based on a nonlinear operated polarization-to-intensity converter, is proposed and demonstrated. As an initial phase shift of the incident light ' 0 ¼ , a high-order UWB pulse fully satisfied the indoor mask regulated by the Federal Communications Commission was synthesized by a pair of polarity-inverted and doublet-like pulses at the output port of the polarization beam combiner. Moreover, the notch band will occur dynamically on the power spectra of the UWB signals from 3 to 16 GHz through adjusting the relative delay time between both doublet-like pulses from 333 to 62.5 ps due to the effect of microwave photonic filtering, which means that the spectrum-overlayinduced interference between UWB and other narrow-band communication systems could be real-time averted. In addition, the polarity switch of the synthesized UWB pulse could be implemented by adjusting angle between the x -axis component of modulated light and the principal axis of the arm of transverse electric mode by the polarization controller.
Introduction
Wireless technologies underwent a fast development over the last decade due to the growing demand by a heterogeneous spectrum of users, ranging from Internet technology professional users to mobile telephony and home entertainment. There has been increased interest in impulseradio ultrawideband (IR-UWB) systems that can operate simultaneously over an ultrahigh bandwidth for high-rate communications and low-rate sensor networks [1] . In UWB systems, an impulse generator plays an important role to generate the transmitting signals complying with the Federal Communications Commission (FCC) regulations [2] . The transmitting signals should utilize the UWB spectrum (3.1-10.6 GHz) designated by the FCC as much as possible. Recently, some electrical UWB pulse generators with different modulation types have been proposed and fabricated for applications in different scenarios, such as indoor communication and biomedical sensing [3] , [4] . Due to the low power limitation ruled by the FCC, the coverage of UWB signals in a wireless channel is limited severely [2] . A feasible solution to this issue is UWB-over-fiber [5] , where UWB signals are generated at the center station (CS) and then distributed to remote base stations (RBSs) by a long-haul optical fiber. In principle, UWB-over-fiber can be implemented by driving a modulator or a laser directly with suitable UWB signals emitted from a pure electrical generator at the CS and transmitting the modulated light to the RBS via the fiber. However, an unalterable modulation type of the electrical generator will restrict the flexibility of the UWB-over-fiber networks. In this context, generating a UWB pulse in the optical domain directly is expected strongly [6] . Additionally, UWB signals occupy a very large frequency band, which is bound to induce the spectrum overlay with the operated frequency bands of other existing narrow-band (NB) communication systems. The implicated NB communication systems include Worldwide Interoperability for Microwave Access (WiMAX) operating in the 3.3-3.7-GHz band, Wireless Fidelity (Wi-Fi) operating in the 5.15-5.825-GHz band, and some C-band satellite communication systems at 7-8 GHz. Hence, the spectrum-overlay-induced interference between UWB and the aforementioned NB communication systems is another attractive issue in addition to the generation of the UWB pulse [7] . Although UWB antennas and filters with single or multiple notch bands at specific frequency positions [8] - [12] could be installed at RBSs in the UWB-over-fiber systems in order to avoid the interference, the fixed notch band of these components restricts them to be used extensively in the complex and dynamic environment. The cognitive UWB radio that implements dynamic spectrum accessing by controlling the spectrum shape of the UWB pulse according to the real-time environment is a more ideal approach because it not only solves the interference problem but also improves spectrum efficiency remarkably [13] . The steerable spectrum shaping for the generated UWB pulses is difficult to be realized by the electrical methods because of the limited processing speed of the analog-to-digital (A/D) and digital-to-analog (D/A) converters [13] . Oppositely, photonic-assisted generation of the UWB signals also provides a promising solution for this problem because of the inherent reconfigurability of the microwave photonics system [14] . As for the cognitive UWB-over-fiber, the photonic-assisted generation of a UWB signal with tunable notch band behavior is highly desirable since it can realize dynamic spectrum accessing at the CS [15] .
In recent years, a series of optical UWB signal generators, therefore, has been proposed and demonstrated. The methods utilizing the phase-modulation-to-intensity-modulation (PM-IM) conversion were reported, in which the first or the second derivative of a Gaussian pulse, i.e., monocycle or doublet pulse, was generated by employing an optical phase modulator (PM) and a photonic frequency discriminator (PFD) [16] - [18] . Wang et al. suggested an optical UWB monocycle and a doublet pulse generator using a reconfigurable photonic microwave filter, which is mainly composed of a polarization modulator (PolM), a section of a length of a polarizationmaintaining fiber (PMF), and a balanced photodetector [19] . A series of methods by combining the PolM with the PFD [20] - [22] or cascading PM and PolM with a different form [23] , [24] was proposed for the purpose of implementing a new modulation format or multiuser access. Meanwhile, the imperfect property of the monocycle and doublet pulse in respect of low-frequency suppression also impels the researchers to propose some new means for generating the optical high-order UWB pulses with an ideal spectrum shape to successfully satisfy the FCC regulation. The high-order UWB pulse shapers, which are based on time-to-frequency mapping [25] , [26] or multitap microwave photonic filtering [14] , were reported in which a mode-locked fiber laser or a laser diode array was applied, respectively. However, the plentiful optical spectra of the generated UWB pulse not only make the pulse extremely sensitive to the dispersion effect but also make the shapers hardly compatible with the wavelength-division multiplexing passive optical network (WDM-PON). A power-efficient UWB pulse generator using multiple cross-phase modulations and PM-IM conversions in a high nonlinear fiber and an array waveguide grating was experimentally demonstrated [27] . Unfortunately, the strong chirp inherent in the generated UWB signals restrict its applications in practice, especially in the context that requires long-distance transmission. In [15] , we first proposed and demonstrated a method of optically generating the UWB signals with a tunable notch band by means of PM-IM conversion and microwave photonic filtering. Nevertheless, the inherent chirp and unideal low-frequency suppression of the obtained UWB pulse are hardly avoided and improved. Moreover, there is no further approach based on the method described in [15] for implementing pulse polarity modulation (PPM), which is desired because of its extra 3-dB gain in power efficiency [1] .
In this paper, we propose and demonstrate a method for photonic-assisted generation and tunable notch filtering of the UWB signals with chirp-free property. In our experiment, a nonlinear operated polarization-to-intensity converter (PIC) was employed to shape the UWB pulse, which is mainly composed of a PolM, a polarization controller (PC), an optical delay line (ODL), a variable optical attenuator (VOA), and a pair of polarization beam splitter/combiner (PBS/PBC). As an initial phase shift of the incident light ' 0 ¼ 2, a pair of doublet-like pulses with inverted polarity was generated at the output ports of PBS when an electrical Gaussian pulse is applied to the PolM. Finally, the UWB pulse with a special spectrum shape was synthesized at the output port of PBC. A high-order UWB pulse with an ideal spectrum shape to satisfy the FCC indoor mask was synthesized as delay time was set to 62.5 ps by the ODL. Notch filtering will occur on the power spectra of the UWB signals due to the effect of microwave photonic filtering, and the second band notch could be tuned from 3.0 to 16.0 GHz through adjusting the ODL. Moreover, a polarity-inverted UWB pulse could be obtained through changing the polarized direction of the modulated light by the PC, which means that the PPM is expected to be realized. The narrow optical spectrum of the synthesized UWB pulse also makes it compatible with WDM-PON. Fig. 1 shows a PolM-based PIC model, which consists of a PolM, a PC, and a pair of PBS/PBC. Here, we define the upper and lower arms between the PBS and the PBC as the arms of transverse electric (TE) mode and transverse magnetic (TM) mode, respectively.
Model and Principle
The PolM is a special PM that can support both orthogonal optical components distributed on the principal axes x and y of the PolM with opposite phase modulation indexes [24] . When a linearly polarized incident light is oriented with an angle of À45 to the principal axis x of the PolM, the optical fields at the output of the PolM along the two principal axes, as presented in Fig. 1 , can be expressed as
where ! c is the angular frequency of the optical carrier, E 0 is the electrical field of incident light, ' 0 is the initial phase shift, and Èðt Þ is the phase shift induced by driving signal v ðt Þ, which could be written as
where V is the half-wave voltage of the PolM. The x -axis component of modulated light was aligned to have an angle of with the principal axis of the arm of TE mode. The optical fields at the two output ports of the PBS can be written as
where is the relative time-delay difference between the arms of TE mode and TM mode. As ¼ 45 or 135 , (3) could be rewritten as
respectively. From (4) and (5), we can see that the phase term is a constant by virtue of the complementary phase modulation of the PolM, which implies that the converted intensity signals transmitted in the arms of TE mode and TM mode would be chirp-free. As ¼ 45 or 135 , the transfer functions of the PIC are, therefore, described as
respectively, which were plotted on the left side in Fig. 2 . Obviously, transfer functions T TE ðtÞ and T TE ðt Þ are a pair of complementary sine-like curves. Hence, as ' 0 is set to 2 by adjusting the bias voltage of the PolM, an electrical Gaussian pulse applied on the PolM could be converted to a pair of optically doublet-like pulses with opposite polarity. The delay time between both pulses is equal to . The optical UWB pulse with a particular profile will be synthesized from the two UWB doublet-like pulses by the PBC. It should be noted that the polarity of the particular UWB pulse could be changed as is switched to 135 from 45 because of the interchange of T TE ðt Þ and T TM ðt Þ (see the right side in Fig. 2) .
Actually, as synthesizing the particular UWB pulse, a process of microwave photonic filtering for the UWB pulse is completed. As shown in Fig. 1 , a negative-coefficient two-tap microwave photonic filter (MPF) is formed by the PBS and the PBC in the PIC model, whose equivalent model is presented in Fig. 3(a) , and a transfer function can be expressed as
where f is the frequency of the signals, and a is the filter tap coefficient. The basic delay T of the filter corresponds to delay time between both pulses transmitted in the arms of TE and TM modes.
As the insert loss of the PBS and the PBC is neglected, the frequency response of the filter can be rewritten as
which was plotted in Fig. 3(b) as T ¼ t 1 (solid line) and T ¼ t 2 (dash line). As we have seen, the notched band occurs periodically at different frequency positions, and the free spectral range (FSR) corresponds to the invert of delay time T . Therefore, notch filtering will occur on the power spectra of the particular UWB signals obtained at the output port of the PBC, and the positions of the band notch are adjustable dynamically through changing delay time T . The low-frequency components of the UWB signals will be further suppressed due to the bandpass characteristic of the negativecoefficient MPF.
Experimental Setup and Results
We carried out the experiment based on the experimental setup shown in Fig. 4 . Light from a laser diode (LD) was sent to a PolM. A PC (PC1) was placed between the LD and the PolM to align the polarization direction of the incident light at an angle of À45 to the principal axis x of the PolM. An electrical pulse train with a fixed pattern B0000 0000 . . . 0001[ (one B1[ per 40 bits) at a bit rate of 10 Gb/s generated from a pulse pattern generator (PPG) was filtered by a 7.8-GHz electrical lowpass filter (LPF) to smooth the initial electrical pulse for obtaining a Gaussian-like profile. An electrical amplifier (EA) was adopted after the LPF to ensure that the peak-to-peak voltage of the input electrical signals was greater than the half-wave voltage of the PolM (about 3.5 V). A separated time-delay device was composed of a PC (PC2), a pair of PBS/PBC, an ODL, and a VOA. As mentioned above, this device was equivalent to a negative-coefficient two-tap MPF as it was installed after the PolM, where the PC2, VOA, and ODL were applied to control angle , balance the optical intensity between the upper and lower arms, and adjust time-delay difference , respectively. The synthesized optical signals output from the PBC were converted to the electrical signals by a PD, whose waveforms and power spectrum were measured and recorded by a sampling oscilloscope (Osc) and an electrical spectrum analyzer (ESA).
The optical spectra, waveforms, and power spectra of the doublet-like pulses generated in the arms of TE and TM modes were investigated as ¼ 45 and ' 0 ¼ 2, which are summarized in Fig. 5 . Fig. 5(a-1) and (b-1) shows that the symmetrical spectra appeared in the arms of TE and TM modes as the modulated light was split by the PBS. As displayed in Fig. 5(a-2) and (b-2) , the polarity-reversed doublet-like pulses are generated at both the two arms. There are some slight fluctuations that occurred at the end of the pulses originated from the original electrical pulses. Due to the periodicity of the original pulse train from the PPG, the measured power spectra are all discrete with a frequency spacing of 250 MHz. The À10-dB bandwidth and FCC mask utilization efficiency (from 3.1 to 10.6 GHz) of both doublet-like pulses were up to 8 GHz and 40%, respectively, as illustrated in Fig. 5(a-3) and (b-3). However, the power spectra of the pulses did not satisfy the FCC indoor mask very well raised by its unideal low-frequency suppression. Keeping ¼ 45 and ' 0 ¼ 2, the high-order UWB signals with an ideal spectrum shape to satisfy the FCC indoor mask were obtained at the output port of the PBC as delay time was set to 62.5 ps by the ODL, whose waveform and power spectrum are described in Fig. 6(a) . The 10-dB bandwidth and the fractional bandwidth of the high-order UWB pulse were up to 8.5 GHz and 113%, respectively. The FCC mask utilization efficiency of the generated pulse was up to 53%. As we can see in Fig. 6(a-2) , the low-frequency components of the UWB pulse were further suppressed by virtue of the bandpass characteristic of the negative-coefficient MPF. The dent that occurred at 16 GHz corresponds to the second notch-filtering point of the MPF. Fig. 6(b-1) and (b-2) displays the waveform and power spectrum of the synthesized UWB pulse as ¼ 200 ps. The second notch band of the UWB pulse moved to 5 GHz, as shown in Fig. 6(b-2) , whose relative rejection depth has reached about 35 dB. The FCC mask utilization efficiency fell to 42%. The interference between the UWB and Wi-Fi systems could be avoided as there is almost no conflict between their operated frequency bands. Comparing with the power spectra displayed in Fig. 6(a-2) , some low-frequency components in Fig. 6(b-2) (around 1-3 GHz) infringe the regulation of the FCC, which results from the steeper response curve of the negative-coefficient notch filtering as the delay time varied from 62.5 to 200 ps. This problem could be solved by decreasing the output power of the UWB signals properly through adjusting the light power of the LD.
As was set to 135 by adjusting the PC2, the waveforms of the synthesized UWB pulses are displayed in Fig. 7 (a) ð ¼ 62:5 psÞ and Fig. 7(b) ð ¼ 200 psÞ. They had the same profiles as the waveforms displayed in Fig. 6(a-1) and (b-1) except for their polarity, which implied that the PPM could be realized once the PC2 is replaced by another PolM. In fact, the polarity switch of the synthesized UWB pulse with the chirp-free property can be realized by changing the initial phase shift ' 0 from 2 to 5 as well. Therefore, the PPM could also be realized by just one PolM with special design, where the original bias port must be superseded by the rf port for the input of the highfrequency data. In addition, the narrow optical spectrum and the chirp-free property of the synthesized UWB pulse make it capable of transmitting in the long-haul fiber and compatible with WDM-PON. It can be seen in Fig. 8 that there is a clear inverse proportion relationship between relative time delay and the position of the second notch band that appeared on the power spectrum of the UWB signals. The experimental results presented that the adjustment of the band-notched position from 3 to 16 GHz was achieved through adjusting the delay time of the ODL, which are consistent with the calculated results very well. Hence, the spectrum-overlay-induced interference between UWB and other NB communication systems could be real-time averted once our method is applied in practice.
Conclusion
In conclusion, an optically band-notched and chirp-free UWB pulse generator based on a nonlinear operated PIC has been proposed and experimentally demonstrated. The PIC is mainly composed of a PolM, a PC, an ODL, a VOA, and a pair of PBS and PBC. A high-order UWB pulse with an ideal spectrum shape to satisfy the FCC indoor mask was synthesized by a pair of doulet-like pulses with reversed polarity at the output port of the PBC as delay time was set to 62.5 ps by the ODL. In order to avoid the interference between UWB and Wi-Fi systems in practice, the UWB pulse with 5-GHz band rejection in the frequency domain was obtained as was set to 200 ps. The polarity switch of the synthesized UWB pulse could be implemented by adjusting angle from 45 to 135
by the PC2, which implied that the PPM is expected to be realized. The phenomenon that the second band-notched position of the UWB signals could be tuned from 3 to 16 GHz by adjusting the ODL means that the spectrum-overlay-induced interference between UWB and other NB communication systems could be real-time averted if our method was adopted in the cognitive-UWB-over-fiber system. In addition, the UWB pulse generator is compatible with WDM-PON because of the narrow optical spectrum of the synthesized UWB pulse. 
